Capilla E, Díaz M, Hou JC, Planas JV, Pessin JE. High basal cell surface levels of fish GLUT4 are related to reduced sensitivity of insulin-induced translocation toward GGA and AS160 inhibition in adipocytes. Am J Physiol Endocrinol Metab 298: E329 -E336, 2010. First published December 1, 2009; doi:10.1152/ajpendo.00547.2009Glucose entry into cells is mediated by a family of facilitative transporter proteins (GLUTs). In mammals, GLUT4 is expressed in insulin-sensitive tissues and is responsible for the postprandial uptake of glucose. In fish, GLUT4 also mediates insulin-regulated glucose entry into cells but differs from mammalian GLUT4 in its affinity for glucose and in protein motifs known to be important for the traffic of GLUT4. In this study, we have characterized the intracellular and plasma membrane (PM) traffic of two orthologs of GLUT4 in fish, trout (btGLUT4) and salmon (okGLUT4), that do not share the amino terminal FQQI targeting motif of mammalian GLUT4. btGLUT4 (FQHL) and, to a lesser extent, okGLUT4 (FQQL) showed higher basal PM levels, faster traffic to the PM after biosynthesis, and earlier acquisition of insulin responsiveness than rat GLUT4. Furthermore, btGLUT4 showed a similar profile of internalization than rat GLUT4. Expression of the dominant-interfering AS160-4P mutant caused a significant decrease in the insulin-induced PM levels of okGLUT4 and rat GLUT4 and, to a lesser extent, of btGLUT4, suggesting that btGLUT4 has reduced retention into the IRC. Contrary to rat GLUT4 and okGLUT4, the presence of btGLUT4 at the PM under insulinstimulated conditions was not affected by coexpression of a dominantinterfering GGA mutant. These data suggest that fish GLUT4 follow a different trafficking pathway to the PM compared with rat GLUT4 that seems to be relatively independent of GGA. These results indicate that the regulated trafficking characteristics of GLUT4 have been modified during evolution from fish to mammals.
GLUCOSE IS THE MAIN CELLULAR ENERGY SOURCE for many organisms and is transported by a family of facilitative glucose transporters with distinct but overlapping tissue distributions (reviewed in Refs. 17 and 39) . One distinct member of this family, termed GLUT4, is expressed predominantly in insulinresponsive tissues (heart, skeletal muscle, and adipose tissue) and is responsible for the postprandial increase in glucose uptake (reviewed in Refs. 3 and 35) . In these tissues, the GLUT4 protein resides preferentially in insulin-responsive intracellular storage compartments (IRC) in the basal state but, following insulin stimulation, traffics to and fuses with the plasma membrane (PM), increasing the number of cell surface glucose transporters accounting for the insulin-stimulated increase in glucose uptake (3, 26) .
Numerous studies have examined the insulin-signaling pathway(s) required for the translocation and fusion of GLUT4 transport vesicles with the PM. It is generally accepted that insulin activation of the downstream serine/ threonine kinase Akt is a necessary event in this process. Recent studies have identified a downstream Akt target, termed AS160 or TCB1D4, that is thought to function as a GTPase-activating protein (GAP) for Rab8 and/or Rab10 (16, 30) . Akt-dependent phosphorylation of AS160 is hypothesized to inhibit its GAP activity, thereby allowing conversion of the Rab protein to the active GTP-bound state and, therefore, GLUT4 translocation (31) .
In addition to these signaling events, the specific trafficking characteristics of GLUT4 are dependent upon the interaction of GLUT4 and/or GLUT4 transport vesicles with specific regulatory proteins. For example, the protein tether, containing a UBX domain, for GLUT4 has been suggested to function as a tethering protein retaining GLUT4 in the IRC; the Golgilocalized ␥-ear-containing Arf-binding protein (GGA) is required for the biosynthetic trafficking of newly synthesized GLUT4, and sortilin is required for the biosynthetic sorting and recycling back of GLUT4 into the IRC (33, 36, 40) . Thus, GLUT4 must necessarily interact with cargo-selecting proteins through discrete GLUT4 amino acid sequence motifs/domains that are not present in the other related facilitative glucose transporter proteins (reviewed in Refs. 21 and 37). For example, substitution of various GLUT4 sequences into the constitutively regulated GLUT1 protein can recapitulate the normal basal and insulin-stimulated trafficking of GLUT4 in adipocytes (19) . However, the precise functions of the different domains of GLUT4 have not been completely solved to date, although different laboratories have succeeded in identifying different motifs responsible for sorting into the IRC, translocation to the PM, and endocytosis (1, 10, 23, 25, 27, 32) .
To address this issue, we have taken advantage of GLUT4 sequences from two different fish species, brown trout (btGLUT4) and coho salmon (okGLUT4) (4, 28) . These transporters have 80 -85% sequence similarity to mammalian GLUT4 and have been demonstrated to be functional glucose transporters with similar substrate specificity despite lower affinity for glucose (4) . In addition, the two fish GLUT4 isoforms have been shown to be insulin responsive (4, 7); however, scarce information is available to date regarding their trafficking characteristics and regulatory motifs. When expressed in 3T3-L1 adipocytes, okGLUT4 shows intracellular sequestration under basal conditions and undergoes translocation to the PM in response to insulin (4) . Similarly, btGLUT4 showed insulin-stimulated translocation but displayed less basal intracellular retention when expressed in L6 muscle cells (7) . Moreover, increased insulin-stimulated glucose uptake by the endogenous btGLUT4 protein has been demonstrated in primary cultures of brown trout adipocytes and myocytes (4, 7) . Therefore, we investigated the trafficking characteristics of fish GLUT4 in 3T3-L1 adipocytes to understand the function of specific regulatory motifs of GLUT4 known to be important for the traffic of mammalian GLUT4 and its evolutionary consequences.
MATERIALS AND METHODS
Plasmids. The btGLUT4-and okGLUT4-enhanced green fluorescent protein (EGFP) cDNA constructs were obtained by subcloning the full-length brown trout (AF247395) and coho salmon (AF502957) cDNAs in frame into a pcDNA3-EGFP vector to generate the carboxyl terminal fusion proteins, as described previously for the rat GLUT4-EGFP (19) . The btGLUT4-myc-EGFP and the rat GLUT4-myc-EGFP constructs were generated by PCR using the corresponding wild-type GLUT4 constructs as templates. The rat GLUT4-myc construct has been described previously (29) . The Flag-tagged AS160 wild-type and dominant-interfering AS160 (AS160-4P) cDNAs were obtained from Dr. Gustav Lienhard (Darmouth University), and the DsRed GGA wild type and dominant interfering (GGA-DN) containing the VHS-GAT domains of GGA1 have been reported previously (15) .
Cell culture and transient transfection of 3T3-L1 adipocytes. Murine 3T3-L1 preadipocytes were obtained from the American Type Culture Collection (Manassas, VA) repository and cultured at 37°C and in 8% CO 2 conditions, as described previously (19) . Briefly, preadipocytes were grown past confluence and then induced to differentiate by changing to a medium containing insulin, dexamethasone, and 3-isobutyl-1-methylxanthine. Once fully differentiated, 3T3-L1 adipocytes in suspension were transiently transfected with 50 g of the indicated cDNA construct by electroporation at low-voltage conditions (160 V, 950 F) and then seeded on collagen-coated glass coverslips placed on six-well plates to allow recovery.
Insulin-stimulated GLUT4 translocation. After an overnight incubation period, 3T3-L1 adipocytes expressing either rat GLUT4, okGLUT4, or btGLUT4 were serum starved for 2-2.5 h and subsequently incubated with or without 100 nM insulin for 30 min. Then, the cells were fixed with 4% paraformaldehyde for 15 min, blocked with 1% bovine serum albumin and 5% donkey serum solution for 15 min, washed three times with phosphate-buffered saline, mounted on Vectashield medium (Vector Laboratories), and kept at 4°C until analysis. Presence of the different GLUT4 molecules at the PM was analyzed by wide-field fluorescent microscopy scoring a cell as positive when a complete PM rim was observed. For each condition, 100 cells of at least six independent experiments were counted, and the data were presented as a percentage (means Ϯ SE). This method of analysis was used due to its simplicity and also because it has previously been validated to provide an accurate measure of GLUT4 translocation when a large number of cells with a continuous PM rim is counted (36, 38) .
btGLUT4 and rat GLUT4 colocalization. Adipocytes coexpressing the btGLUT4-EGFP and the rat GLUT4-myc constructs were subjected to immunofluorescence to detect the myc labeling under permeabilizing conditions using a monoclonal c-Myc antibody followed by a Texas Red-conjugated anti-mouse secondary antibody, as described previously (5) . Several images were obtained by laser confocal microscopy with a Leica DMIRE2 microscope.
GLUT4 internalization.
The experiments to analyze the internalization of rat GLUT4-or btGLUT4-myc-EGFP in 3T3-L1 adipocytes were performed as described previously (5) . First the cells were serum starved for 3 h and then treated with 100 nM insulin for 30 min to stimulate translocation of GLUT4 to the PM. Then the cells were cooled at 4°C to stop trafficking, and the transporters at the PM were labeled with c-Myc antibody for 1 h. Subsequently, the cells were washed thoroughly to remove insulin and excess of antibody and were returned to 37°C for various times to initiate endocytosis. The c-Myc labeling was detected in the same manner as the colocalization experiment using a Texas Redconjugated secondary antibody and analyzed quantitatively using the Metamorph software. Data were expressed in arbitrary units (means Ϯ SE) as the ratio of measured red fluorescence at the PM over the total red fluorescence measured on each cell, calculated in 12 cells/condition from two independent experiments.
GLUT4 sensitivity to AS160. To analyze the sensitivity of the fish GLUT4 constructs to AS160, fully differentiated 3T3-L1 adipocytes were cotransfected with 50 g each of the rat, trout, or salmon GLUT4-EGFP cDNA together with the Flag-tagged AS160 wild type or AS160-4P construct. After an overnight incubation period, the cells were serum starved for 2 h, incubated in the absence or presence of insulin (100 nM) for 30 min, fixed for 15 min, and blocked for 1 h. Then immunofluorescence was performed to detect AS160 expression using Flag M2 monoclonal antibody and secondary Texas Redconjugated antibody in permeabilizing conditions. Data were presented as a percentage (means Ϯ SE) of cells showing a PM rim from those positive for AS160 expression. For each condition, 100 cells of at least three independent experiments were counted.
Time course experiments. Differentiated 3T3-L1 adipocytes transiently transfected with either the rat, trout, or salmon GLUT4-EGFP cDNA were serum starved 2-2.5 h prior to insulin stimulation, except for the 3-h time point that was seeded directly on serum free medium after the electroporation. The incubation with or without insulin (100 nM, 30 min) was done at the determined time to end the experiment exactly at 3, 6, 9, or 12 h after transfection. The cells were then treated and the data obtained expressed as indicated for the insulin-stimulated translocation experiments described above.
GLUT4 sensitivity to GGA. The sensitivity of the fish GLUT4 constructs to GGA was performed at two different time points: 6 and 24 h after transfection. For the overnight experiments (24 h), differentiated 3T3-L1 adipocytes were cotransfected with 50 g each of the rat, trout, or salmon GLUT4-EGFP cDNA plus the DsRed GGA wild type or GGA-DN. From these experiments, several images were also taken by laser confocal microscopy with a Leica DMIRE2 microscope to analyze colocalization. For the 6-h experiments, to ensure good expression of the GGA construct prior to GLUT4 synthesis, two consecutive electroporations were performed. On day 1, fully differentiated adipocytes were transfected with 50 g of GGA wild type or GGA-DN cDNA, seeded on 10-cm plates, and allowed to recover for 24 h. On day 2, the cells were put in suspension again by mild trypsinization, transfected with the indicated GLUT4 construct (50 g), and seeded on glass coverslips into six-well plates. Then the cells were serum starved for 2-2.5 h and subsequently incubated in the absence or presence of insulin (100 nM) for 30 min to end the experiment exactly 6 h after the GLUT4 transfection. The cells were then treated and mounted in Vectashield medium and the data processed in the same manner as the AS160 experiments.
RESULTS
The basal cell surface levels of fish GLUT4 are higher than those of rat GLUT4. Figure 1A shows the basal and insulinstimulated PM distribution of rat GLUT4 and two different fish GLUT4 transporters, determined as percentage of positive cells with a membrane rim. Interestingly, although both fish GLUT4 species respond to insulin, their basal PM localization was experiments. Statistical analysis was performed by unpaired t-test between each of the fish GLUT4s and the rat GLUT4 at basal conditions (*significance at P Ͻ 0.05). In addition, unpaired t-test for each GLUT4 construct was done between basal and insulin-stimulated conditions (#significance at P Ͻ 0.05). B: representative images of differentiated 3T3-L1 adipocytes expressing the btGLUT4-EGFP (green: a, d, g, and j) and the rat GLUT4-myc (red: b, e, h, and k) constructs. Immunofluorescence was performed as described in MATERI-ALS AND METHODS; images were obtained by laser confocal microscopy with a Leica DMIRE2 microscope.
higher than that of rat GLUT4. Nevertheless, the fact that the two fish GLUT4 isoforms are able to significantly translocate (P Ͻ 0.05) to the PM after insulin stimulation suggests that a population of the fish GLUT4 molecules does reach the insulin-responsive compartment. The significant difference (P Ͻ 0.05) in the level of basal PM translocation of btGLUT4 and rat GLUT4 (Fig. 1A) is consistent with the observation that the rat GLUT4 and the btGLUT4 constructs are only partially colocalized when coexpressed in adipocytes (Fig. 1B) .
The elevated btGLUT4 basal cell surface levels are not due to reduced internalization. To investigate whether the high basal PM levels of btGLUT4 are due to impaired internalization, a time course of PM endocytosis was performed with 3T3-L1 adipocytes expressing either the btGLUT4 or the rat GLUT4 constructs. The results presented in Fig. 2, despite showing slow internalization profiles (55% of the molecules internalized at 3 h), show that the extent of internalization at any time point was similar for both constructs, suggesting that this is not the cause of elevated cell surface levels for btGLUT4.
btGLUT4 has impaired AS160-dependent sequestration in the IRC. Furthermore, we investigated whether the fish GLUT4s are sensitive to AS160 inhibition by analyzing the cell surface levels of each transporter when coexpressed with a wild-type or a dominant-interfering AS160 mutant (AS160-WT and AS160-4P, respectively). For simplicity, we consider sensitivity of GLUT4 to AS160 inhibition as a measurement of intracellular retention into the IRC. Coexpression with AS160-WT did not affect basal intracellular retention or insulin-stimulated translocation of rat GLUT4; however, coexpression with AS160-4P significantly decreased (P Ͻ 0.05) the insulin response (from ϳ11-to 4-fold) without affecting basal levels (Fig. 3) . The salmon glucose transporter (okGLUT4) displayed behavior identical to the mammalian GLUT4 when coexpressed with either AS160-WT or AS160-4P, thus showing significantly blunted (P Ͻ 0.05) insulin response (decreasing from ϳ12-to 4-fold) in the presence of the dominantinterfering AS160 mutant (Fig. 3) . On the other hand, bt-GLUT4 showed significantly higher (P Ͻ 0.05) PM levels than rat GLUT4 during basal conditions that were not reduced with AS160-WT or AS160-4P coexpression (Fig. 3) . More importantly, the presence of btGLUT4 at the PM after insulin stimulation was also reduced when coexpressed with dominant-interfering AS160 mutant but to a lesser extent (from ϳ3-to 2.4-fold), suggesting a partial role of this molecule in the intracellular retention of btGLUT4.
Fish GLUT4s acquire insulin-stimulated translocation earlier than rat GLUT4. In addition to the sequestration mechanism, the proper sorting of the GLUT4 molecules into the IRC is also required to maintain low cell surface levels. Therefore, the higher PM levels of btGLUT4 and okGLUT4 under basal conditions could be due to a nonregulated exocytic pathway. To analyze this hypothesis, we quantified the cell surface localization of the newly synthesized GLUT4 transporters at different times after transfection. Rat GLUT4 showed Ͻ10% of cells with a PM rim in the basal state and required 9 h to be able to respond to insulin (Fig. 4) . In the absence of insulin, the two fish GLUT4 species showed low PM levels but significantly higher (P Ͻ 0.05) levels than those of rat GLUT4 at 9 and 12 h after transfection. At 12 h, btGLUT4 and rat GLUT4 showed values that were 3-4 times lower than when experiments were performed 24 h after transfection (Fig. 1A) , which is considered the steady-state situation. Interestingly, ok-GLUT4 and btGLUT4 started to acquire insulin responsiveness already at 3 h posttransfection and presented a robust level of PM localization after insulin stimulation at 6 h posttransfection Fig. 2 . The elevated btGLUT4 basal cell surface levels are not due to reduced internalization. Differentiated 3T3-L1 adipocytes expressing either the rat GLUT4 or btGLUT4 (trout) were serum starved and incubated with insulin (100 nM, 30 min), labeled at 4°C with c-Myc antibody, and internalization followed at 37°C over time, as described in MATERIALS AND METHODS. Data are presented as arbitrary units (means Ϯ SE) of PM red fluorescence divided by total cell red fluorescence obtained from 12 cells/condition in 2 independent experiments. Statistical analysis was performed by paired t-test between btGLUT4 and the rat GLUT4 at each time point, but no significant differences were observed at P Ͻ 0.05. Fig. 3 . btGLUT4 has impaired AS160-dependent sequestration in the insulinresponsive intracellular storage compartments (IRC). Differentiated 3T3-L1 adipocytes coexpressing either rat GLUT4 (ratG4), okGLUT4 (salmon; okG4), or btGLUT4 (trout; btG4) plus AS160-WT or AS160-4P were serum starved and incubated with or without insulin (100 nM, 30 min), as described in MATERIALS AND METHODS. Data are presented as percentage (means Ϯ SE) of cells showing a complete PM rim obtained by counting 100 AS160-positive cells/condition in 3 independent experiments. Statistical analysis was performed by unpaired t-test between each of the fish GLUT4s and the ratG4 cotransfected with the corresponding AS160 construct at basal conditions (*significance at P Ͻ 0.05). In addition, unpaired t-test for each GLUT4 construct cotransfected with AS160-4P was done against each corresponding AS160-WT group at basal or insulin-stimulated conditions, respectively (#sig-nificance at P Ͻ 0.05). Table ( (Ͼ40% of the cells showing PM localization) that was significantly different (P Ͻ 0.05) from that of rat GLUT4 Յ12 h posttransfection (Fig. 4) .
btGLUT4 has reduced sensitivity to GGA regulation. GLUT4 travels from the trans-Golgi network (TGN) directly into the IRC in a process that is dependent on the adaptor protein GGA. Therefore, we investigated further the sensitivity of the fish GLUT4 transporters to a dominant-interfering GGA mutant (GGA-DN) at 6 and 24 h after biosynthesis. At 6 h posttransfection, rat GLUT4 showed low cell surface levels when coexpressed with wild-type GGA (GGA-WT) that were reduced, although nonsignificantly, by coexpression of GGA-DN in either the basal or the insulin-stimulated state (Fig. 5A ). When coexpressed with GGA-WT, 6 h after transfection, both fish GLUT4 transporters showed elevated PM levels under basal conditions and in the presence of insulin showed significantly higher (P Ͻ 0.05) PM levels than rat GLUT4. Coexpression with GGA-DN reduced, albeit nonsignificantly, okGLUT4 and, to a lesser extent, btGLUT4 PM levels during basal and insulin-stimulated conditions, suggesting some degree of GGA sensitivity of the fish GLUT4s (Fig. 5A) . After an overnight period (24 h posttransfection), rat GLUT4 and GGA-WT coexpression was indistinguishable from GLUT4 alone (Fig.  1A) , thus showing low basal PM levels and a robust translocation in response to insulin (Fig. 5B ). When coexpressed with GGA-WT, the fish GLUT4 transporters showed significantly higher (P Ͻ 0.05) PM basal levels than their mammalian counterpart, and only the basal PM levels of okGLUT4, but not those of btGLUT4, were significantly reduced (P Ͻ 0.05) by GGA-DN (Fig. 5B) . These data are in agreement with the observation that btGLUT4 and GGA, when coexpressed in adipocytes, show only partial colocalization in the perinuclear region (Fig. 5C ) as opposed to rat GLUT4 and GGA (Fig. 5D ). In the insulin-stimulated state, the PM localization of rat GLUT4 was reduced significantly (P Ͻ 0.05) in the presence of GGA-DN (from ϳ7.5-to 3-fold), as shown previously (5, 36) . Similarly, coexpression of okGLUT4 and GGA-DN caused a significant (P Ͻ 0.05) reduction (from ϳ4.5-to 3-fold) in okGLUT4 cell surface levels. In contrast, the decrease in the insulin-stimulated PM localization of btGLUT4 in the presence of GGA-DN was less marked (from ϳ2.4-to 2.2-fold), indicating that btGLUT4 has less sensitivity toward GGA than okGLUT4.
DISCUSSION
The facilitative glucose transporters, or GLUTs, are a family of proteins responsible for maintaining the homeostasis of plasma glucose and an adequate supply of glucose to the cells. The GLUT4 isoform, expressed in cardiac and skeletal muscles and adipose tissue, is especially important in regulating glucose uptake after a meal in response to insulin, a process made possible by the specific trafficking characteristics of this protein (3, 14) .
For many decades fish had been considered to be glucose intolerant for several reasons, including the lack of appropriate transporters (24) . In the last decade, members of the GLUT family have been identified and functionally characterized in fish, including the GLUT4 isoform in trout, salmon, and cod (4, 12, 28) . In addition to its lower affinity for glucose, fish GLUT4 isoforms show differences in the sequence of protein motifs known to be important for the traffic of mammalian GLUT4; however, little is known about the mechanisms regulating the trafficking of fish GLUT4.
In the present study, we have analyzed the traffic characteristics of the GLUT4 glucose transporters from brown trout (btGLUT4) and salmon (okGLUT4) in adipocytes and found intriguing differences between them and rat GLUT4. One of the most important differences observed is that btGLUT4 has higher cell surface levels in the basal state than those of okGLUT4 and rat GLUT4. The cell surface levels observed for the rat GLUT4 and okGLUT4 constructs were similar to those reported previously for these transporters in the same cellular system (4, 29) . Furthermore, the higher basal levels of PM localization observed for btGLUT4 are in agreement with those described in trout primary myocytes as well as in L6 muscle cells stably expressing btGLUT4 (7). These observations clearly suggest that btGLUT4, when expressed in mammalian insulin-responsive cells, shows different traffic characteristics than rat GLUT4.
In mammals, two major intracellular GLUT4 storage compartments have been characterized in adipose cells, one being the insulin-responsive compartment (IRC), in which GLUT4 colocalizes with the insulin-responsive aminopeptidase, and the other one a more general endosomal compartment that contains the transferrin receptor together with GLUT4 (13, 20) . In addition, two different models have been proposed for the storage and cycling of GLUT4 between intracellular compartments and the PM (reviewed in Ref. 8) . One model suggests that sequestration is static (6, 11) , whereas the second model proposes a continuous recycling of the whole GLUT4 pool between the endosomal and specialized compartments and the PM (18, 22) . In our study, the higher basal levels of btGLUT4 at the PM suggest that more molecules are distributed into the endosomal compartment during steady-state conditions segregated from the rat GLUT4. This is consistent with the obser- Fig. 4 . Fish GLUT4s acquire insulin-stimulated translocation earlier than rat GLUT4. Differentiated 3T3-L1 adipocytes expressing either ratG4, okG4, or btG4 were serum starved and incubated with or without insulin (100 nM, 30 min) to end the experiment at exactly 3, 6, 9, or 12 h after transfection, as described in MATERIALS AND METHODS. Data are presented as percentage (means Ϯ SE) of cells showing a complete PM rim obtained by counting 100 cells/condition in 3 independent experiments. Statistical analysis was performed by unpaired t-test between each of the fish GLUT4s and the ratG4 at basal and insulin-stimulated conditions (*significance at P Ͻ 0.05). In addition, unpaired t-test for each GLUT4 construct was performed between basal and insulin-stimulated conditions at each time point (#significance at P Ͻ 0.05). A: *significant differences between each of the fish GLUT4s and ratG4 at insulin-stimulated conditions (P Ͻ 0.05). B: *significant differences between each of the fish GLUT4s and ratG4 at basal conditions (P Ͻ 0.05). In addition, a t-test for each GLUT4 construct cotransfected with GGA-DN was done against each corresponding GGA-WT group at basal or insulin-stimulated conditions, respectively (#significance at P Ͻ 0.05), but no significant differences were observed at 6 h after transfection. Tables (insets) vation that these two GLUT4 molecules show only partial colocalization in the perinuclear region, where tubulovesicular structures containing GLUT4 are mainly located (32, 34) . In support of this idea, btGLUT4 exhibits a faster recycling to the PM than its mammalian counterpart when expressed in L6 cells (7) . Nevertheless, the significant translocation observed for btGLUT4 in response to insulin indicates that this transporter does reach the specialized compartment or IRC and supports the retention model in which GLUT4 is continuously moving between the PM and the two intracellular compartments. Considering this, the possible causes for increased PM localization during basal conditions for btGLUT4 are reduced or altered internalization or intracellular retention and/or accelerated exocytosis.
First, we examined the internalization profile in 3T3-L1 cells for btGLUT4 and rat GLUT4 and found no differences, which suggested that this trafficking step was not impaired in btGLUT4. Despite the fact that the internalization profiles observed were slower than those reported previously for rat GLUT4 in the same cellular system (5), our results are in agreement with the similar internalization rate of c-myc-tagged btGLUT4 and rat GLUT4 expressed in L6 cells (7) . Next, we investigated the exocytosis of btGLUT4 by differentiating two steps: 1) the traffic from the TGN into the IRC measured in relation to GGA sensitivity, as this adaptor protein has been demonstrated to be involved in this early sorting step (36); and 2) the retention in the IRC vs. translocation to the PM detected as AS160 sensitivity, as this molecule has been implicated in the regulated exit from the IRC (9, 31). Rat GLUT4 and okGLUT4 showed significantly blunted insulin-stimulated translocation to the PM in the presence of the dominantinterfering GGA and AS160 mutants. These results indicate that okGLUT4 traffics from the TGN into the IRC through a pathway that is dependent mainly on the adaptor protein GGA and from the IRC to the PM through a pathway involving AS160, as has been already shown for mammalian GLUT4 (5, 36) . On the contrary, the insulin-stimulated translocation of btGLUT4, compared with that of okGLUT4 and rat GLUT4, was significantly less inhibited in the presence of GGA-DN or AS160-4P, suggesting, first, that btGLUT4 may not be as efficiently retained in the intracellular compartments by AS160, perhaps due to the lack of appropriate targeting motifs, and, second, that btGLUT4 may follow a different trafficking pathway independent of GGA in adipocytes. Recently, Blot and McGraw (2) proposed the existence of two different pathways involved in basal GLUT4 intracellular retention in mammals, in which two separate motifs from the amino and carboxy termini of GLUT4 have a role. Mutation of the FQQI or the TELEY motifs resulted in partial redistribution of GLUT4 to the endosomal compartment and therefore an increase in PM localization, similar to what we observe with btGLUT4 (FQHL); however, they implicate mainly the carboxy terminal TELEY motif in this role (2) . The results obtained in the present study corroborate those from a previous study by our group in which we showed that the FQQI motif within the amino terminus of rat GLUT4 is involved in the intracellular retention mediated by AS160, since the natural mutant btGLUT4 (FQHL) behaves similarly to the GLUT4-F5A mutant (5) . Nevertheless, despite the fact that the TELEY motif is conserved in the fish GLUT4, there are other sequence differences (e.g., the carboxy terminal dileucine motif or the intracellular loop) that could be implicated in this different traffic. Therefore, further investigations will be required to solve this controversy.
Finally, traffic of newly synthesized fish GLUT4 and sorting into the IRC was analyzed as a time course experiment at different time points after electroporation. Our observation that both fish GLUT4 molecules show significantly higher basal cell surface levels at 12 h posttransfection and, particularly, that they acquire insulin responsiveness earlier than rat GLUT4 (3 h after transfection) indicate that btGLUT4 and okGLUT4, to a lesser extent, may traffic through different intracellular compartments en route to the IRC. This faster sorting of btGLUT4 in particular suggests that this molecule follows a less regulated pathway that is at least partially independent of the coat protein GGA, in agreement with the absence of complete colocalization between GGA and btGLUT4. The lack of the conservation of the FQQI motif in btGLUT4 (FQHL) agrees with the model reported in which the GLUT4-F5A mutant displays a faster exocytic pathway to the PM (2). Clearly, more studies are necessary to elucidate this trafficking pathway as well as the molecules involved. For that purpose, btGLUT4 can serve as a natural mutant of GLUT4 to identify the amino acid motifs required for these regulatory steps.
Overall, the data presented here indicate that the sorting process of GLUT4 to the specific insulin-responsive compartment by GGA, as well as the retention mechanism into the IRC mediated by AS160, has improved from fish to mammals, allowing the latter to achieve better control of glucose homeostasis.
